F acultative anaerobic bacteria respond to environmental O 2 levels to promote optimal cell growth under aerobic and anaerobic conditions. The best-characterized O 2 -sensing transcriptional regulator is the Escherchia coli fumarate and nitrate reduction (FNR) protein, which controls the switch between aerobic and anaerobic metabolism by regulating the transcription of hundreds of genes in response to cellular O 2 levels (1-3), and has been the subject of several recent reviews (4-7). Although there is currently no crystallographic structure for E. coli FNR, the protein shares sequence homology with the structurally characterized cyclic-AMP receptor class of proteins (8), which comprise a C-terminal helix-turn-helix DNA-binding domain and an N-terminal sensory domain and binds to DNA as a homodimer. However, the sensor domain in E. coli FNR contains five cysteines and mutagenesis studies indicate that four of these cysteines (C20, C23, C29, and C122) are essential for in vivo function (9) and serve as ligands to the [4Fe-4S] and [2Fe-2S] clusters that function in the O 2 -sensing mechanism (10, 11).
cluster in FNR can also be regenerated from the cysteine persulfide-coordinated [2Fe-2S] 2+ cluster by anaerobic incubation with DTT and Fe 2+ ion in the absence of exogenous sulfide. Resonance Raman data indicate that this type of cluster conversion involving sulfide oxidation is not unique to FNR, because it also occurs in O 2 -exposed forms of O 2 -sensitive [4Fe-4S] clusters in radical S-adenosylmethionine enzymes. The results provide fresh insight into the molecular mechanism of O 2 sensing by FNR and iron-sulfur cluster conversion reactions in general, and suggest unique mechanisms for the assembly or repair of biological [4Fe-4S] clusters. F acultative anaerobic bacteria respond to environmental O 2 levels to promote optimal cell growth under aerobic and anaerobic conditions. The best-characterized O 2 -sensing transcriptional regulator is the Escherchia coli fumarate and nitrate reduction (FNR) protein, which controls the switch between aerobic and anaerobic metabolism by regulating the transcription of hundreds of genes in response to cellular O 2 levels (1-3), and has been the subject of several recent reviews (4-7). Although there is currently no crystallographic structure for E. coli FNR, the protein shares sequence homology with the structurally characterized cyclic-AMP receptor class of proteins (8) , which comprise a C-terminal helix-turn-helix DNA-binding domain and an N-terminal sensory domain and binds to DNA as a homodimer. However, the sensor domain in E. coli FNR contains five cysteines and mutagenesis studies indicate that four of these cysteines (C20, C23, C29, and C122) are essential for in vivo function (9) and serve as ligands to the [4Fe-4S] and [2Fe-2S] clusters that function in the O 2 -sensing mechanism (10, 11) .
A large part of our current understanding of the mechanism of O 2 -sensing by FNR comes from the early biochemical and spectroscopic studies of Kiley and colleagues (10, (12) (13) (14) (15) (16) (Fig. 1) (10, 12) . This cluster conversion is accompanied by a dimer-to-monomer transition and inability of FNR to bind DNA (13, 14) . The [4Fe-4S] 2+ cluster can be reformed in vitro by anaerobic incubation with excess Fe 2+ and cysteine in the presence of catalytic amounts of the cysteine desulfurase, IscS (10 cluster-containing dimer and the apo monomer, respectively. E. coli has two primary machineries for Fe-S cluster assembly, the iron-sulfur cluster (ISC) system for general Fe-S cluster biosynthesis and the sulfur utilization factor (SUF) system, which operates under oxidative stress and iron-limitation conditions. In vivo studies have clearly demonstrated that the ISC system, but not the SUF system, is required for converting apo-FNR back to [4Fe-4S] 2+ cluster-bound FNR upon the onset of anaerobic growth conditions (16 2+ cluster conversion process is independent of the presence of DTT or GSH, based on very similar resonance Raman spectra in the presence of 3 mM GSH, which approximates to cellular GSH concentration, and 8 mM DTT, after 20 min of air exposure (Fig. S1 ). Moreover, resonance Raman investigations using 445-and 488-nm excitation of the time course of air exposure of [4Fe-4S]-FNR indicates that the conversion to a cysteine persulfide-ligated [2Fe-2S] 2+ center is almost complete within the first 30 s (Fig.  S2) . However, the spectra do undergo increased broadening and small frequency shifts for specific bands (e.g., 288-296 cm −1 and 392-397 cm
) as the air-exposure time is increased from 30 s to 60 min (Fig. S2) small amount (<10%) of [3Fe-4S] 1+ cluster fails to convert and is detected as a dead-end product. Cubane-type [3Fe-4S] 1+ clusters have intense Raman spectra with 458-and 488-nm excitation that are dominated by a band at ∼347 cm −1 that is attributed primarily to the Fe 3 -(μ 3 -S) symmetric stretching mode (27, 28 2+ . This result is illustrated by resonance Raman studies of FNR in the presence of 3 mM GSH (Fig. 3) . After generating the cysteine persulfide-ligated [2Fe-2S] 2+ cluster-bound form (Fig. 3B) (Fig. 3A) to air for 20 min, the sample was thawed under anaerobic conditions inside a glove box and incubated for 20 min with 8 mM DTT and Fe 2+ before refreezing on the Raman probe. The resulting spectrum (Fig. 3C) 2+ -FNR as a function of time. The results are shown in Fig. 4 . Before air exposure, the reconstructed mass spectrum is dominated by the FNR monomer molecular ion peak at 29,165 Da (theoretical mass of 29,165 Da based on the primary sequence). Based on protein and Fe/acid-labile S determinations, the anaerobically reconstituted samples of FNR used in this work contained 0.85-0.99 [4Fe-4S] 2+ clusters per monomer immediately after purification. However, the cluster content decreased by up to 10% on anaerobic freezing/thawing and concentration of samples. Hence, the peak at 29,165 Da that persists throughout the air-exposure time course is attributed to the small component of apo-FNR. The time-course experiment indicates that the form of FNR with one cysteine persulfide dominates after 2 and 10 min of air exposure. However, the form of FNR with two cysteine persulfides gradually increases with prolonged air exposure and dominates after 60 min. Hence, the MS data support the resonance Raman data by demonstrating O 2 -induced S 2− to S 0 oxidation to form cysteine persulfides and suggest that increased heterogeneity occurs with increasing air exposure, arising primarily from a mixture of [2Fe-2S] 2+ clusters with one and two cysteine persulfide ligands. 2+ centers in radical S-adenosylmethionine (SAM) enzymes, such as pyruvate formate lyase and ribonucleotide reductase-activating enzymes (30, 31) , and biotin synthase (32) . In each case the resonance Raman spectra have been attributed to a [2Fe-2S] 2+ cluster based on parallel Mössbauer studies. However, these spectra were generally only scanned in the Fe-S stretching region, 200-450 cm −1 . Therefore, we have reinvestigated over a wider spectral range the resonance Raman spectrum of air-exposed biotin synthase (BioB), containing only the [4Fe-4S] 2+ cluster that is responsible for reductive cleavage of SAM (Fig. 5) (18, 19, 26) , leading to the conclusion that conversion occurs via an iron-based oxidation mechanism. In these experiments, released sulfide ion was detected using DTNB [5,5- (33) . This assay accurately detects sulfide that becomes available for oxidation during or following cluster conversion, distinguishing it from sulfide still bridging iron in the cluster. However, in interpreting the data, we did not consider the possibility that a bridging sulfide and a nearby cysteine might undergo DTNB-induced two-electron oxidation to produce two TBN − ions and a cysteine persulfide, which has now been shown to occur during the oxidative degradation of the cluster intermediate (17, 19, 26) , with release of Fe 2+ and the formation of superoxide, O 2 − (10, 19) . This first step remains as previously proposed, as there is no oxidation of bridging sulfide during this step. The second step involves the conversion of the [3Fe-4S] 1+ cluster to the persulfide coordinated [2Fe-2S] 2+ form and is therefore more complex than previously envisaged, and may itself involve multiple steps, depending on whether release of iron and sulfide from the cluster occurs simultaneously with sulfide oxidation. It was previously shown that the iron released in this step is Fe 3+ , although its final oxidation state is influenced by the chelating and redox active species present in the reaction mixture (26) . The electrons from sulfide oxidation (either two or four electrons for one and two sulfides, respectively) 2+ clusters) was exposed to air for 0, 2, 10, 30, and 60 min before analysis using LC-ESI-quadrupole MS. The peak at 29,165 Da corresponds to the monomer molecular ion peak of FNR and the peaks at +32, +64, +96, and +128 Da correspond to the addition of one, two, three, and four covalently bound sulfur atoms, respectively. 1+ intermediate and the nearby free cysteine that are generated in the first step can be written as Scheme 1: Scheme 1. Overall one persulfide ligand reaction:
Overall two persulfide ligand reaction: 2+ cluster-containing FNR (A) and BioB (B). The experimental conditions for sample preparation, air exposure, and resonance Raman are the same as described in Fig. 2 2+ centers in a step that occurs after cluster assembly on the U-type scaffold proteins (40) .
Materials and Methods
Purification and Reconstitution of [4Fe-4S]-FNR with Natural Abundance and 34 S Bridging Sulfides. FNR samples were prepared as previously described (17) . Isotopically enriched [4Fe-4S] 2+ clusters were prepared using 34 S-cysteine synthesized using a thermostable cysteine synthase (44) , o-acetylserine and 34 
S
2− (CIL Inc). Samples for spectroscopic studies were in 25 mM Hepes buffer with 2.5 mM CaCl 2 , 100 mM NaCl, 100 mM NaNO 3 , at pH 7.5, except resonance Raman samples, which also contained 500 mM KCl. Samples, containing [2Fe-2S]-FNR, were prepared essentially as described previously (18) , except the protein fraction from the PD10 column (GE Healthcare) was collected (taking care to ensure no contamination with low molecular weight components), and centrifuged at 14,000 × g for 2 min. The [4Fe-4S] 2+ cluster concentration of reconstituted FNR and the [2Fe-2S] 2+ cluster concentration of air exposed FNR were determined using ε 406 = 16.22 (± 0.14) mM -1 ·cm −1 (26) and ε 420 = 7.95 (± 0.06) mM -1 ·cm −1 , respectively. The latter was determined by assaying [2Fe-2S] FNR samples for protein, acid-labile sulfide, and iron as previously described (18, 42, 43 . Spectroscopic Methods. All samples were prepared and handled under Ar or N 2 in a glove box at oxygen levels < 2 ppm, unless otherwise stated. Details concerning sampling handling and the spectrometers used in this work are available in the SI Materials and Methods.
